ABSTRACT
Introduction
A pseudolite (pseudo-satellite) can be considered as a satellite-on-the-ground that transmits GPS like ranging signals [1] . It transmits a signal with code-phase, carrier phase and data components with the same timing similar to the GPS signal format. Pseudolites were used initially to test the initial GPS user equipment [2] . Pseudolites can be used to augment GPS to enhance its availability, integrity and continuity. In the last few years, investigations into use of pseudolites for general positioning, navigation and precision approach for civil aviation have increased [3, 4] . Multiple pseudolites transmitting GPS compatible signals can form a stand-alone positioning system if appropriate data acquisition and processing techniques are used [5, 6] .
In this paper, effect on Dilution of Precision (DOP) due to the augmentation of GPS with pseudolites, in a typical LAAS scenario, is investigated. DOP indicates the effect of geometry formed due to visible satellites, on the user position accuracy. Bayes filter is implemented to remove some of the errors in GPS signals such as tropospheric error and receiver clock bias error, before estimating DOP values. Data acquired from DL-4plus GPS receiver located at Osmania University, Hyderabad, is used for the analysis. To prove the concept, computer simulated pseudolite locations are used in the analysis. Application of Kalman filter while estimating DOPs is also investigated.
Experiment with DL-4plus GPS Receiver
A DL-4plus receiver is set up along with the host computer in Research and Training Unit for Navigational Electronics (NERTU), Osmania University, Hyderabad. A 5 m tower is constructed on the terrace of NERTU building. Receiver antenna is mounted on the tower to establish Line of Sight (LoS) with Satellite Vehicles (SVs), thus reasonably avoiding multipath reflections. Data is acquired continuously on 19 th January, 2008 for the analysis. Using 'Convert4' software the received data is converted to RINEX (Receiver Independent Exchange) format. Two types of files viz., observation file and navigation file are obtained and analysed. Bancroft algorithm is used to find the preliminary position of the receiver [7] . Effects due to Bayes and Kalman filter while estimating DOP are also examined.
Number of Visible Satellites with Respect to Local Time
From the data collected on 19 th January, 2008, information on number of SVs in view over Hyderabad horizon is extracted. In Figure 1 , the number of visible SVs is plotted with respect to local time for the whole day. Data corresponding to epochs at every 10 minutes are considered. It can be observed that the number of SVs is varying from a minimum of 6 to a maximum of 11. Least number of SVs (6) is visible at around 9.6 hrs. Maximum number of SVs (11) is visible mostly during 14-20 hrs.
Estimation of User Position Using Bancroft Algorithm
Bancroft algorithm (1985) estimates the preliminary coordinates for a GPS receiver. The algorithm requires ECEF coordinates of 4 or more SVs along with the values of their pseudoranges as input [8] . 
Estimation of User Position Using Kalman Filter
Kalman filter estimates the precise position of the receiver. The preliminary position estimated by the Bancroft algorithm is given as input to the Kalman filter along with the pseudoranges. Details on implementation of Kalman filter and other standard GPS related programs can be found elsewhere [9, 10] . 
Implementation of Filters before Estimating DOP
Various filters are available in literature to filter out some of the GPS errors while estimating pseudoranges before computing DOPs. DOPs are initially estimated without using any filter and are plotted with respect to local time for a period of 24 hours (1) and (2)). Further, the estimated values of HDOP, VDOP and PDOP are cross-validated with the values reported in open literature. As stated, HDOP remains less than one almost at all times; VDOP is usually higher than HDOP. PDOP will be generally lower than 3 in lower latitude regions. Standard deviation of VDOP is supposed to be twice than that of HDOP [11] .
For comparative analysis minimum, maximum, mean and standard deviation of DOPs are estimated for the three cases and are tabulated in Table 3 .
Comparing three cases for PDOP, it is observed that PDOP (max) is least (3.09) when no filter is used, it is highest (3.59) when only Bayes filter is used and it is medium (3.11) when Kalman filter is incorporated. Kalman filter provides more precise position than Bancroft algorithm which uses Bayes filter. However, implementation of Kalman filter is complicated and highly time consuming compared to Bayes filter. Further, when the user position estimated by the Kalman filter is utilised along with the positions of visible SVs, then the DOP values are found to be similar to that of due to Bayes filter (kom.aau.dk/~borre/matlab/-2k). However, when the DOP values are estimated using the covariance matrix provided by the Kalman filter, significant difference is found when compared to the estimations due to the previous methods Table 3 .
Augmentation of GPS with Pseudolites
There are various applications of augmented GPS such as mining, vehicle tracking and aircraft landing etc. However, the advances in pseudolite technology enable them to play key role in aircraft landing [12] . In this paper, a typical LAAS scenario is considered and augmented with simulated pseudolites' positions to investigate their effect on DOPs.
Investigation on the Effects of Pseudolites' Placement on DOPs
We have considered three configurations of the pseudolites placed in different ways to investigate their effect on DOPs Figure 7 .
It is assumed that the aircraft is equipped with two antennas on top and one antenna in the bottom [13] . One top antenna receives VHF signals from DGPS station and the other top antenna receives signals from GPS. The bottom antenna receives pseudolite signals. Further, it is assumed that the aircraft is approaching (making an angle of 3˚) towards the runway touchdown point through the glide path [14] . This angle is called as glide slope. Further, it is assumed that the horizontal coverage distance is 20 nm (37 km). This leads to a maximum altitude of 1.94 km just before aircraft enters the glide path. Also, it is considered that APL3 is positioned at 6.5 km from the touchdown point in the direction of runway and APL1 and APL2 are placed on either side of the run way at a distance of 6.5 km from the touchdown point [15] .
For the purpose of analysis, mean value of the receiver position is considered Table 1 and its altitude is scaled to 1.94 km (= 2461 m (MSL)) to make it work like an airborne stationary receiver over Hyderabad Table 4 . Subsequently, GPS is augmented by simulated coordinates of airport pseudolites (APLs) by selecting different number of APLs each time. DOPs are estimated using'all-inview' SVs. Table 4 shows the simulated geodetic coordinates of the APLs and the user with scaled height.
With and without augmentation with APLs, variations in GDOP, PDOP, VDOP, HDOP and TDOP with respect to time are estimated and results are shown in Figures  8-12 .
Comparing all the figures, it can be observed that GDOP, PDOP, VDOP, HDOP and TDOP values are the highest when only GPS is available. Due to the presence of APLs good improvement is found in all the DOPs. As the number of APLs is increased, DOP values are found to be decreasing. The least DOP values are obtained when two APLs (APL1 and APL2) are used. The DOP values due to APL1 as well as APL3 are found to be similar. Table 5 shows minimum, maximum and standard deviation of DOPs with and without APLs. From Table 5 it can be observed that the maximum value of VDOP remains below 3 and of HDOP remains below 1.27 for all the configurations.
The maximum PDOP has crossed 3 when no augmentation is there. It is around 2 when augmentation exists. TDOP became half due to augmentation. GDOP is nearly 4 without augmentation and comes down to approximately 2 due to augmentation. The standard deviation of all the DOPs is higher for standalone GPS compared to that of augmented GPS. For all DOPs, standard deviation is remaining almost constant for all the augmented configurations.
Conclusions
For GPS based navigation systems, improvement in DOP can be achieved using pseudolites. In this paper, a typical LAAS scenario is considered and the effect of pseudolite placement on DOP enhancement is investigated. For this purpose, pseudolites are positioned in different locations and DOP values are estimated. It is found that the locations of the APLs and also the number of APLs affect the DOPs. DOPs with two APLs (APL1 and APL2) are found to be the best. Whether the APL is positioned before the runway or beside the runway no significant difference is found in DOP values. For all the configurations, maximum value of VDOP remained below 3 and that of HDOP remained below 1.27. Due to only GPS, PDOP (max) crossed 3 and it became approximately 2 due to augmentation. TDOP became half due to augmentation. GDOP was found to be nearly 4 due to GPS alone and came down to approximately 2 due to augmentation with two APLs. Though Kalman filter provides better accuracy, it is complicated and time con- suming compared to that of Bayes filter.
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